Abstract: In this study, the ballistic impact performance of woven kenaf-Kevlar hybrid and non-hybrid composites against fragment simulating projectiles (FSPs) was investigated. All the composites were prepared using the hand lay-up technique, method, followed by static load compression. The hybrid composites consist of Kevlar fabric and woven kenaf layers. The results obtained indicate that the energy absorption, ballistic limit velocity (V 5 0
Introduction
Composite materials are widely used in many applications such as automotive and aerospace, construction and building, and defence and security. In the defence sector, military vehicles were previously equipped with metallic armour plates for protection against high velocity threats. However, the heavy weight of metal armour restricts its mobility. The main reason for the use of composite materials for military vehicle armour is the ability of composite materials to reduce vehicle weight and improve mobility. Researches on ballistic resistance composites have predominantly focused on the light body armour development to defeat small arms projectiles [1] . Ballistic armours for personal protection (soft-body armour) are constructed of multiple layers of ballistic fabrics. Hard armour plates are added-on to the soft armour vest for high velocity treats. Another application is as the secondary armour in or spall liners in military vehicles. The liners were installed to prevent the intrusion of penetrator splinters and/or spalled armour material inside the vehicle, thus improving the survivability inside the crew compartment [2] . Similar to a hard armour plates in body armours, composites for vehicles spall liners are exposed to several types of ammunition which resulted in high velocity impact.
Ballistic resistance composites usually developed by laminating high performance synthetic fibres such as aramid (Kevlar, Twaron) or a combination of two types of fibres (hybrid composites). There are some research reports on the positive effects of hybridisation in ballistic composites. Pandya et al. [3] reported that the ballistic limit velocity (V 50 ) of composites can be increased by adding E-glass layers to T300 carbon layers as compared with only carbon composites for the same laminate thickness. Placing E-glass layers in the exterior and carbon layers in the interior provides higher ballistic limit velocity than placing carbon layers in the exterior and E-glass layers in the interior. Muhi et al. [4] studied the effect of hybridisation on glass fibre reinforced polymer behaviour under high velocity impact. The experimental work included the placement of a Kevlar layer at four different locations to verify the effects of the stacking sequence on impact behaviour. The results showed that the performance of the hybrid structures under high velocity impact loading was better relatively to that of plain glass structures.
The fear of limited resources for synthetic fibres and environmental conscious, have encouraged the exploration of natural fibre application in hybrid composites. Hybridisation of two or more types of fibres will result in the combined advantages of the individual components, while simultaneously mitigating their less desirable qualities [6] . Wambua et al. [7] studied the ballistic properties of flax, hemp and jute fabric reinforced polypropylene composites processed using hot compression moulding. A similar research using coir was reported by Risby et al. [8] . Fibre architecture and loading, laminate thickness, and layering sequence of laminates have significant effects on the ballistic properties of hybrid composites [9] [10] [11] [12] [13] . Geometrical effects such as the shape and size of projectiles also have a strong influence on the ballistic performance of composites [14, 15] . There are reports on the influences of fabric properties on the ballistic performances [16, 17] . Lin et al. [18] , studied the effect of using stainless steel mesh compound nonwoven fabric to replace several layers of Kevlar unidirectional fabric in bulletproof vests. They found that the sandwich-like laminate buffer can replace several layers of Kevlar unidirectional fabric to produce bullet-resistant armour at low cost.
In a previous study, we reported on the use of woven natural fibre hybrid composites for ballistic applications [19] . It was found that the use of non-woven kenaf in hybrid composites resulted in lower V 50 and energy absorption as compared with Kevlar composites. Hence, more attention is given to the use of woven natural fibre composites. Woven natural fibre composites were reported to have an excellent mechanical behaviour.
Based on the literature study, there are only limited studies on the ballistic response of natural-synthetic fibre hybrid composite laminates. Considering the potential of woven kenaf-Kevlar hybrid composites, we conducted a systematic evaluation of the effect of kenaf/Kevlar hybridisation on the ballistic impact properties of the composites. The failure modes are also analysed to identify the failure mechanisms of the composites. The present work includes the part of the research work out for partial replacement of synthetic fibre and replacing them with natural fibres such as kenaf. Investigation of the ballistic impact properties is important to identify parameters that influence the ballistic properties of the hybrid composites.
Experimental

Materials
The synthetic plain woven fabric used in this study was aramid fibre based Kevlar 129 with the density of 1.44 g/cm The plain weaved fabric has a fabric count of 13.4×13.4 (warp×weft) yarn per cm. Natural fibre kenaf in the form of woven structure was prepared using a songket (Malay traditional cloth) table loom in the National Craft Institute, Rawang, Selangor, Malaysia. Sheets of 100 cm width and 2.9 mm thickness were woven from 1,000 tex of kenaf yarns. The density of the kenaf yarn is 1.40 g/m
3
. The areal density of a single layer of this woven kenaf is 552 g/m 2 . The DER 331 polymer matrix epoxy resin with a density of 1.08 g/m 3 was used together with a joint amine hardener (type 905-3S).
Preparation of the Composite Samples
The simple hand lay-up technique was used to prepare the composite samples with various configurations as shown in Figure 1 . Woven fabrics with a size of 20 cm×20 cm were laminated with the epoxy matrix by mixing the epoxy resin and amine hardener in the ratio of 2:1. Two thick mild steel plates were used as the mould (20 cm×20 cm) in the fabrication process. All the mould surface was sprayed with a mould release agent to prevent adhesion of composites to the mould after curing and also to ensure smooth sample surface. Composites were cured by applying compression pressure using dead weights on the top of the mould and cured at room temperature for 24 hours. In order to identify the effect of hybridisation, two types of samples were prepared. Type A consist of Kevlar/epoxy layers and type B consist of Kevlar/epoxy with additional layers of woven kenaf. Type A consist of 9, 15 and 21 layers Kevlar/epoxy Table 1 . The thickness, dimensions and weight of the composite laminates were measured to calculate the density and the areal density of the composite materials. The composites were cured by applying compression pressure using dead weights (about 10 kg) on the top of the mould and cured at room temperature for 24 h. The specifications of the composite laminates are listed in Table 1 .
Ballistic Testing
The schematic of the ballistic test setup used is shown in Figure 2 . Chisel-nosed fragment simulating projectiles (FSPs) with a weight of approximately 1.1 g and a diameter of 5.40 mm, as shown in Figure 3 , were used in this study to investigate the response of kenaf-Kevlar hybrid composites to ballistic impact. Each sample was impacted according to the military standard MIL-STD-662F (V 50 ballistic test for armour) at the Science and Technology Research Institute for Defence (STRIDE), Batu Arang, Selangor, Malaysia. The two parameters investigated in this study were ballistic limit velocity (V 50 ) and energy absorption. V 50 is defined as the average of equal number of highest partial penetration velocities and lowest complete penetration velocities of a specific projectile and target combination, which occur within a specified velocity range [3] . The striking and residual velocities of the projectiles were measured using a Doppler radar and a chronograph. The V 50 value was calculated from the average of the three highest velocities resulting in partial penetration and the three lowest velocities resulting in complete penetration within the velocity span of 40 m/s [7] . For energy absorption, the difference in kinetic energy of the projectiles was calculated as energy absorbed by the composite plate [15] .
Damage Assessment
The ballistic damaged samples were visually inspected and photographed. The cross section of the tested samples were analysed to evaluate the response of the hybrid and non-hybrid samples to ballistic impact by the FSPs. The purpose of the damage assessment is to observe of the effect of hybridisation in terms of failure modes of the composites at high velocity impact.
Results and Discussion
Ballistic Limit Velocity and Energy Absorption
The absorbed energy was calculated as the entire energy absorbed by the samples at the end of an impact event. At V 50 , the impact energy is considered as totally absorbed by the composites. There are many factors that affect the two parameters, such as projectile and target geometry, strike velocity and energy, angle of impact of the projectile to the target, and the target and projectile material properties (density). In this study, the impact energy was calculated based on muzzle velocity and the residual velocity of the projectiles. The ballistic performance of the samples was evaluated based on V 50 and energy absorption (E abs ). The ballistic testing data is as shown in Table 2 . By assuming non-deformable projectiles, the following equation were previously used by Zhang et al. [21] :
where m is the mass of the projectile in kg, and v s and v r are the striking and residual velocities of the projectile in m/s, respectively. Figure 4 shows the V 50 and energy absorption of the hybrid and non-hybrid composites based on tests samples at impact velocities as stipulated in Table 2 . As expected, it is found that the higher the number of Kevlar layers (from 9 to 21), the higher is the V 50 and energy absorption. The additional kenaf layers in samples type B resulted in the increase in composites thickness and areal density. However, it was observed the increase in energy absorbed (14.46 % to 41.30 %) and V 50 (5.5 % to 8.44 %) in hybrid composites compared with the non-hybrid.
Relationship between Impact and Residual Velocities
Impact velocity is one of the factors contribute to the ballistic properties. Figure 5 illustrates the linear relationship observed between the average values of the fragment simulating projectile at impact and its residual velocity after complete penetration of the hybrid and non-hybrid composites. It was observed that an increase in impact velocity results in the increase in residual velocity. The changes in projectiles residual velocities with reference to impact occurred during perforation due to energy absorption by the laminates in various failure modes such as delamination of Kevlar and kenaf layers. In Figure 6 , a linear trend was also observed in the relation between the impact and the residual energies of the penetrating fragment simulating kenaf-Kevlar hybrid composites. Similar trends observed in samples with 9 and 21 layers.
Effect of Woven Kenaf Hybridisation on the Ballistic Properties
Similar to Muhi et al. [4] , the effect of hybridisation is studied by comparing the energy absorption of the hybrid and non-hybrid samples. Because of slight variation in samples thickness, the energy absorption results are presented normalised by areal density. In this study, the specific energy absorption was calculated as;
Percentage of change in energy absorption (%E abs ) was calculated as:
where E H and E A are the specific energy absorption of hybrid and non-hybrid samples respectively. The effect of hybridisation was investigated by comparing the specific energy absorption of the tested samples, as shown in Figure 7 . It is observed energy absorption was lower for the hybrid samples as compared with the nonhybrid samples. The changes in energy absorption of the hybrid and non-hybrid are 15.05 % to 30.18 %. Figure 8 further illustrates the decrease of ballistic performance due to increase of the kenaf content fraction. Based on this, the optimum volume fraction of kenaf is approximately 6 %.
Energy Absorption in Relation to the Impact Velocity
The relationship between impact velocity and absorbed energy are shown in Figure 9 . The plot in the figure was drawn between the initial velocity of the projectile and energy absorbed by the targets for the all the tested hybrid and non-hybrid samples. It is observed that an increase of initial velocity resulted in an increase of absorbed energy for all the thicknesses. The impact velocity at a zero residual velocity represents V 50 . It is also observed that for both the hybrid and non-hybrid samples, the increase in impact velocity did not affect the behaviour of energy absorption.
Effect of Thickness on the Ballistic Properties of the Composites
Energy absorption as a function of composite thickness is presented in Figure 10 . It is observed that the absorbed energy increased as the sample thickness was increased. This may be explained by the fact that the sample thickness affects the distance that the projectile travels within the target. Larger travel distance results in a corresponding increase of surface for energy dissipation [22] . According to Nguyen et al. [23] , the increased thickness of panels involved a two-stage penetration process; shear plugging and bulging of the composites. In this study, the presence of kenaf layers increased the composite thickness, thus improving ballistic properties.
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Effect of Composites Areal Density on the Energy Absorption of the Hybrid Composites
The effect of areal density on the energy absorption and V 50 of the samples is presented in Figure 11 . It is observed that both parameters increased with increase of areal density of the samples. The changes in energy absorption and V 50 with reference to the areal density were recorded to be almost in a linear relationship. This indicates that the addition of woven kenaf layers in the Kevlar composites increased areal density and ballistic properties.
Failure Modes
The observation of failure modes of composites at high velocity impact is very important to evaluate its function as a protective component such as in military vehicles. The failure modes of the non-hybrid and hybrid samples are illustrated in Figures 12 and 13 respectively. All the samples showed the damage of shear plugging on the impacted surface and fibre tension on the rear surface. A similar observation was reported by Zhang et al. [21] . The front surface was damaged due to shear plugging while the rear surface showed fibre tension. Figure 12 shows the failure of sample 15A, which consists of only Kevlar layers. It is observed that the sample failed through a combination of fibre shear (at the impacted surface), delamination and fibre fracture on the rear surface. Figure 13 shows that delamination at the kenaf-Kevlar interface was found to be the major failure mode in hybrid samples. During perforation, delamination occurred as a result of larger shearing forces between the plies of fibres. According to Tanoglu et al. [24] , fibre composites absorb energy through a combination of frictional sliding, fibre debonding, matrix cracking/delamination and fibre fracture mechanisms The addition of kenaf in Kevlar layers is found to reduce the fibre-matrix interface adhesion based on the delamination observed in Figure 13 . It was reported by Kessler and Bledzki [25] that ballistic performance is improved in composites with weak fibre matrix interfaces. This is due to the poor fibre/matrix adhesion absorbing more energy under impact loading because of the extensive delamination and debonding processes.
Conclusion
In this study, the ballistic properties of woven kenafKevlar hybrid composites were investigated. Two important parameters were studied; ballistic limit velocity (V 50 ) and energy absorption. The effect of kenaf-Kevlar hybridisation was observed in comparison with Kevlar composites. Based on the results obtained, the following conclusions were made: 1. Woven kenaf-Kevlar hybridisation resulted in lower specific energy absorption of the composites as compared with non-hybrid Kevlar composites. 2. Lower volume fraction of kenaf improved the ballistic properties of the hybrid composites. 3. Increase of the thickness and areal density of the hybrid composites were found to increase the ballistic performance of the hybrid composites. 4. The hybrid composites failed through a combination of fibre shear, delamination and fibre fracture in the impacted surface, kenaf-Kevlar interface and rear surface respectively. The present study shows that the specific energy absorption was lower for the hybrid composites. However, the notable advantages of natural fibres exhibited great potential in ballistic resistance application such as vehicle spall-liners. Further investigations needs to be carried out to improve the properties of the properties of kenaf/Kevlar hybrid composites.
